In a radio-frequency-powered glow discharge lamp, a d.c. bias current which is driven by a self-bias voltage can lead to an enhancement of the emission intensities excited by the plasma. The driving frequency of the r.f. plasma is an important parameter to determine the self-bias voltage; lower r.f. frequencies induce greater self-bias voltages. The effects of the bias current introduction on the emission characteristics were compared between a 13.56-MHz plasma and a 6.78-MHz plasma. As a result, the 6.78-MHz plasma offered a better analytical performance, probably due to higher selfbias voltages, if the introduced Ar pressure was optimized. This method was applied to a Mo determination in Fe-matrix alloy samples. At bias currents of 40 -50 mA, the emission intensities of the Mo I 379.82-nm line were about 10-times larger than those obtained with the conventional plasma when the 6.78-MHz plasma was produced at an r.f. power of 60 W. The detection limit obtained for this calibration was 2.0 × 10 -4 mass % Mo at an 80-W r.f. power and at a d.c. bias current of 68 mA.
Introduction
A radio-frequency glow discharge plasma (r.f.-GDP) is utilized as an attractive ionization/excitation source in emission as well as mass spectrometry. 1, 2 As having the ability to directly analyze solid samples, GDP sources have several benefits for analytical applications: a rapid sampling rate, minimal sample pretreatment, and a wide concentration range. 3, 4 In addition, the use of the r.f.-GDP enables non-conductive samples, such as non-metallic coatings, to be analyzed by using similar handling for the analysis of conductive samples. [5] [6] [7] [8] Further, resulting from the sampling process by cathode sputtering, depth profiles of the sample composition can be obtained with a relatively good depth resolution. 9, 10 Glow discharge optical emission spectrometry (GD-OES) now becomes one of the most important techniques for direct solid analysis.
The characteristics of GDP are drastically varied by several discharge parameters, such as the voltage, current, r.f. power, plasma gas composition, and gas pressure. Especially in r.f.-GDP, the d.c. self-bias voltage plays an important role in sustaining stable plasmas as well as continuous ion bombardment against the sample electrode. 11 We have reported that the conduction of a d.c. bias current, which is driven by the self-bias voltage, could boost the emission excitation in the r.f. GD-OES. 12, 13 The self-bias voltage is monitored by separating the d.c. voltage component from the r.f. power line by using a low-pass filter circuit. Furthermore, it is possible to conduct a d.c. current through the plasma body by connecting a load resistor with the low-pass filter. This could lead to much brighter plasmas without making the discharges unstable. It was observed that atomic emission lines having relatively low excitation energies were predominantly enhanced, and that their intensities were 10 -20 times larger than those emitted by the r.f. plasma alone. 12 Another important parameter in r.f.-GDP is driving frequency of the r.f. power supply. Though conventional GDPs for spectrometric analysis have usually been operated at a driving frequency of 13.56 MHz, 11 several investigations using various frequencies have reported that the supplied frequency had a pronounced influence on the properties of the r.f.-GDP employed in sputter etching or surface treatment technologies. 14, 15 Also in r.f.-GD-OES, Lazik and Marcus, 16 and Heintz and Hieftje 17 have demonstrated the influence of the driving frequency on several characteristics of the r.f.-GD-OES such as the sampling rate and the emission intensities, indicating that the driving frequency could affect such properties greatly and should be optimized for a particular application of the r.f.-GDP device. Matsuta et al. reported on the unique properties of a 40.68-MHz r.f. glow discharge lamp, indicating that this is suitable for an excitation source separated from the sampling process due to its poor sputtering ability. 18 In this paper, we report on the role of the driving frequency in the r.f.-GD-OES associated with a technique of the d.c. bias current introduction, and on the analytical performance compared to in the conventional r.f.-GD-OES. As an analysis example, Fe-based molybdenum alloys were employed and the limit of determination for an atomic emission line of Mo was estimated. Figure 1 shows a schematic diagram of the r.f.-GD-OES system. The apparatus for the measurement: the Grimm-style glow discharge lamp 19 and the spectrometer 20 have been described in earlier papers. The inner diameter of the hollow electrode was 8.0 mm and the distance between the electrodes was adjusted to be ca. 0.3 mm. For investigating the r.f. frequencies, the 13.56-MHz r.f. generator used in our previous report 12, 13 was replaced with a broadband r.f. power supply system comprising an r.f. function generator (laboratory-made), a driver amplifier (Model WL-2000HF, World Systems Engineering Co., Ltd., Nara, Japan), and a linear r.f. amplifier (Model HL-2K, Tokyo High Power Co., Ltd., Tokyo, Japan), with a power range of 0 -200 W and a frequency range of 1.8 -28 MHz. A roller-inductor tuner (Model MFJ-989C, MFJ Enterprise, Inc., MS, USA) was employed to adjust the difference in the impedance between the r.f. power supply and the glow lamp. The r.f. power was conducted from the tuner to the back of the electrode through an r.f./d.c. separator, while the hollow electrode as well as the lamp body was grounded with thin copper plates. The area ratio of the sample electrode to the grounded housing was ca. 1:35. The r.f./d.c. separator comprising a blocking capacitor (C1) and a low-pass filter circuit (L1 and C2) was in-house made with a cutoff frequency of ca. 300 kHz.
Experimental
An r.f. glow discharge induces a d.c. potential, which is called a self-bias voltage, between the powered electrode (sample) and the plasma. 11 The magnitude of the self-bias depends on the ratio of the electrode surface areas; most of the negative potential appears at the smaller electrode when the electrode having a larger area is grounded, thus leading to the development of an impedance sheath (voltage drop) near to the smaller electrode. The voltage drop causes sample atoms to be ejected through ion bombardment, just similar to cathode sputtering in d.c. discharges. As illustrated in Fig. 1 , when a resistor (R) is connected to a low-pass filter circuit comprising L1 and C2, a d.c. current can be conducted through the overall circuit including the plasma body. 12 Measurements of the d.c. bias voltage and the bias current were taken with a digital voltmeter (V) and a digital ammeter (A) through the low-pass filter, respectively. The resistance values of the load resistor (R) were varied over the range from 2.2 k to 76 k in 2.2 k or 4.7 k increments. This circuit opens a new channel of the d.c. current from the powered electrode to the hollow electrode, and subsequently electrons can flow along the d.c. current channel including the plasma body. In this case, the self-bias voltage works as a d.c. battery for the current flow. As a result of the d.c. bias current, a large number of electrons are injected not from the powered electrode, but from the hollow electrode, into the plasma body, leading to a drastic change in the characteristics of the plasma, itself. 12, 13 A noticeable increase in the intensities of atomic emission lines of which excitation energies are 3 -5 eV has been observed. 13 High-purity argon (>99.99995%) was used as the plasma gas. The lamp was evacuated to be less than 1.3 Pa by oil rotary pumps, and then the plasma gas was introduced to flow continuously during the measurements. The pressure of argon gas was regulated with a needle valve using a calibrated Pirani gauge (GP-2T, ULVAC, Japan). Iron-molybdenum binary alloys were prepared for obtaining the calibration parameters and the limit of determination. These samples were received from the Iron and Steel Institute of Japan (a standard reference material for X-ray fluorescence analysis). The chemical compositions are listed in Table 1 . The surfaces were mechanically polished with water-proof emery papers and then rinsed with ethanol. Pre-discharges for about 20 min were carried out to remove any surface contamination. The Mo I 379.82-nm line was employed as an analytical line, assigned to the following transition: 5p 7 P4 (3.26 eV)·····5s 7 S3 (0.00 eV). 21 16 and further revealed great decreases in the sputtering rate occurring at higher r.f. frequencies. 16, 17 Due to an unbalance in the fluxes of positive ions and electrons: a large difference in the mean free-path between these particles, a positive space charge producing the ion sheath region would remain near to the r.f.-loaded electrode (sample electrode).
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ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 Since the plasma potential is positive relative to the sample electrode due to the space charge and the counter electrode is grounded, the potential of the sample electrode should be negative, 11 which implies that a negative bias voltage appears at the sample electrode. The mobility of electrons must be lower with increasing the r.f. frequency, thus leading to a decrease in the d.c. bias voltage at the sample electrode because of the release of positive space charge. The decrease in the d.c. bias voltages caused by the increased r.f. frequencies would be a direct influence on the sputtering characteristics, as the bias voltage is mainly responsible for ion acceleration for the ion bombardment. As shown in Fig. 2(a) , the decrease in the Mo I intensities is probably because the sampling amount of Mo into the plasma is reduced due to a decrease in the kinetic energies of the bombarding ions. For introduction of a d.c. bias current in r.f.-GDP, higher d.c. bias voltages would be expected to be favorable because greater bias voltages could provide a larger driving force to conduct the d.c. bias current. In addition, the intensities of Mo are observed to be more intense at lower r.f. driving frequencies. Therefore, we subsequently investigated the emission characteristics of the 6.78-MHz plasma for a comparison with those of the 13.56-MHz plasma, which is generally employed in a commercial apparatus. Figure 3 shows the dependence of the Mo I intensities (a) and the d.c. bias voltage (b) on the r.f. forward power supplied at two different driving frequencies. Regardless of the r.f. power supplied, the bias voltages in the 6.78-MHz plasma are always higher than the corresponding voltages in the 13.56-MHz plasma, as being explained from the difference in the bias voltages between these plasmas. On the other hand, although the emission intensities obtained at 13.56 MHz exhibit a small maximum at an r.f. power of 50 W, the overall intensities become larger with increasing r.f. power, whereas the intensities at 6.78 MHz are elevated monotonously. Heintz and Hieftje reported on a similar effect and assumed that the maxima might be caused by an optimal overlap between the electron energy distribution and the cross section function for the emission excitation when electron impact occurs. 17 However, it is clear from Fig. 3(a) that the 6.78-MHz plasma generally yields larger intensities of the Mo I line compared to the result of the 13.56-MHz plasma. These results mean that the excitation in the 6.78-MHz plasma may offer better analytical performance in the Mo determination, compared to that in the 13.56-MHz plasma. Figure 4 indicates the influence of the Ar gas pressure when the plasmas are produced at driving frequencies of 6.78 MHz and 13.56 MHz. The change in the emission intensities of the Mo I line (a) exhibits the same trend between these r.f. frequencies. They are elevated with increasing Ar pressures and then reach a steady state at a pressure of 800 Pa. However, the intensities in the 6.78-MHz plasma are always larger than those in the 13.56-MHz plasma. The bias voltages (b) are generally dropped with an increase in the Ar pressure. Though the bias voltage at 6.78 MHz is relatively higher compared to that at 13.56 MHz, the former is gradually close to the latter at higher Ar pressures. When the Ar pressure is raised, the probability of various collisions in the plasma would be expected to be much elevated, followed by the increased density of particles in the plasma. This effect means that collisional reactions between electrons and the other particles occur more frequently at higher gas pressures, thus causing a balance in the fluxes of positive ions and electrons in the plasma which may lead to decreases in the bias voltage, as shown in Fig. 4(b) . The more efficient collisional energy transfers from electrons could result in the increased density of the sputtering atoms and ions as well as more excitations for the atomic emission. Lowering of the bias voltages is a fault for the sputtering process; however, this effect might be more than compensated by the greater number of impinging atoms and ions at the higher Ar pressures, which explains the increase in the Mo I intensities, as shown in Fig.  4(a) . It is expected from Figs. 3 and 4 that there is a compromise condition regarding the Ar pressure, the driving frequency, and the d.c. bias current, for application of the d.c. bias current introduction in r.f.-GD-OES, because increases in the Ar pressure simultaneously lead to increased emission intensities (favorable for emission spectrometry) as well as a lower bias voltage (not suitable for flow of the bias current). First, we investigated the effects of the introduction of the d.c. bias current on the emission characteristics at relatively low Ar pressure (400 Pa). Figure 5 shows variations in the emission intensities of the Mo I 379.82-nm line (a), the signal-tobackground ratio (SBR) (b), and the bias voltage (c) as a function of the d.c. bias current at driving frequencies of 6.78 MHz and 13.56 MHz. The Mo I intensities increase with increasing bias currents introduced to the plasma and then reach steady states. The emission intensities are enhanced by a factor of ca. 10 in the 13.56-MHz plasma. As shown in Fig. 5(b) , the SBR is improved by a factor of 3.5, since the background intensity becomes only 3-times greater. Also, in the 6.78-MHz plasma, an enhancement of the Mo I intensities occurs in a similar manner; however, the resultant intensity at 6.78 MHz is 1.6-times larger than that at 13.56 MHz. It is noted that the maximum intensities obtained with a flow of the bias current in the 6.78-MHz plasma appear at higher d.c. bias currents compared to that in the 13.56-MHz plasma. The detailed mechanism still remains unclear. Also, with respect to the SBR, the 6.78-MHz plasma gives larger values than the 13.56-MHz plasma. Consequently, the operation at 6.78 MHz can be recommended in the r.f.-GD-OES boosted with the bias current introduction. Figure 6 shows the influence of the Ar gas pressure (400 Pa and 800 Pa) on the emission characteristics in this proposed method. As shown in Fig. 6(a) , the intensity enhancement obtained at 800 Pa is less prominent compared to that at 400 Pa, indicating that higher Ar pressures cannot be required for applying a bias current introduction due to the lower bias voltages. When using an Ar pressure of 400 Pa, the introduction of a bias current to the plasma provides the best data regarding both the emission intensities and the SBR. Therefore, the proposed method could offer better analytical performance in the 6.78-MHz r.f.-GD-OES if the Ar pressure and the bias current are optimized.
The calibration parameters for a Mo determination in the Fematrix alloy samples were estimated when 6.78-MHz r.f.-GDP was employed with and without the bias current conduction. The experimental parameters employed were as follows: an r.f. forward power of 80 W, an argon pressure of 400 Pa, and bias currents of 0, 37.9, 49.6, and 69.2 mA. The emission intensities were averaged for 4 -5 replicates. Table 2 gives statistical data of the calibration curve for the Mo I 379.82-nm line, where the detection limit and the limit of determination are calculated from three-times and ten-times the standard deviation of the background fluctuation, respectively. The best detection limit is 2.0 × 10 -4 mass %, whereas it is 1.3 × 10 -3 mass % in the conventional r.f. GD-OES, indicating that the detection limit is improved by a factor of 15 at a bias current of 69.2 mA.
Conduction of the d.c. bias current greatly enhances the emission intensities excited by the 13.56-MHz plasma which is commonly employed for emission analysis, as the introduced electrons might help to promote emission excitations through various collisional processes. 12 The self-bias voltage induced at the cathode sheath acts as a driving force to conduct the d.c. bias current; therefore, the behaviors depending on several discharge parameters should be investigated. The self-bias voltage is reduced with increasing r.f. driving frequencies and also with decreasing Ar gas pressures, indicating that higher bias voltages are obtained at lower r.f. frequencies as well as at smaller Ar gas pressures. The 6.78-MHz plasma is found to be more suitable for d.c. bias current conduction in the r.f.-GDP, since it exhibits greater emission intensities and larger SBR compared to the 13.56-MHz plasma if the Ar pressure is optimized. The use of a 6.78-MHz driving frequency is recommended in the bias current conduction method.
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